The flat sheet PTFE membrane was modified into hydrophilicity via deposition of fluorinated cationic surfactant. The anti-fouling property of the membranes was investigated using lysozyme (LYS) and humic acid (HA) as typical foulants and further evaluated by Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory. The results indicated that the wettability of the PTFE membrane can be manipulated by concentration of surfactant solution, and the super hydrophilic membrane with water contact angle of 2.1° was obtained with 0.8 wt% of surfactant solution. The super hydrophilic PTFE membrane showed highest cleaning efficiency of 62.5% and better anti-fouling property. XDLVO analysis further suggested that the super hydrophilic PTFE membrane had the strong repulsion force to HA and LYS and displayed better anti-fouling property due to the highest positive total interaction energy (ΔG TOT ) value. Linearly fitting on membrane practical fouling process and XDLVO results proved the consistency of the XDLVO theory with the practical anti-fouling process.
Introduction
Membrane filtration has become an important separation technology for water reclamation and reuse due to that it works without addition of chemicals, with a relatively low energy use and easy and well-arranged process conductions [1] [2] [3] . However, when the semipermeable membrane was incorporated in filtration systems, the filtration performance would gradually deteriorate caused by membrane fouling, which can shorten its service life and increase costs of hydraulic/chemical cleaning and membrane module replacement, etc. [4] [5] [6] [7] . Membrane fouling has largely impeded the widespread application of membrane process. Thus, numerous researches concentrated on developing a membrane with high anti-fouling properties, including manipulating or improving membrane surface charge, roughness, hydrophilicity and so on [8] [9] [10] [11] . Hydrophilization of membrane surface has been regards as an efficient way to improve membrane's anti-fouling property. Our previous works indicated that when the aqueous water solutions were separated, the super hydrophilic membrane showed higher anti-fouling performance than hydrophilic or hydrophobic membrane [15, 16] .
Polytetrafluoroethylene (PTFE) is widely utilized as separation and filtration membrane due to its mechanical properties and perfect chemical stability. However PTFE membrane has low surface tension and poor hydrophilicity, easily causing membrane fouling, which limits the applications of PTFE membrane in water treatment [17] [18] [19] [20] . Various surface modification methods have been used to improve the hydrophilicity of PTFE membranes. For instance, the hydrophobic PTFE flat membrane has been endowed with excellent hydrophilicity, high water permeation flux and superior anti-fouling property via co-deposition of catechol (CA) and PEI followed by surface mineralization of γ-(2,3-epoxypropoxy) propytrimethoxysilane (KH560 •h, due to hydrophilization effect and the opened smallest pores for water. The obtained hydrophilized PTFE membrane showed an excellent anti-fouling performance to oils [11] . Also, the polymerized dopamine (PDA) and PEI deposited onto PTFE hollow fiber membrane via co-deposition endowed the membrane greatly improved hydrophilicity and water permeate fluxes [21] . In addition, the porous PTFE flat membrane has been modified into super hydrophilicity by deposition of cationic fluorocarbon surfactant in our previous work [22] . The water contact angle dropped from 156.8°of the nascent PTFE membrane to 4.3°. However, the relationship between wettability of the hydrophilized PTFE membrane and its filtration performance as well as the anti-fouling property is still unknown.
Herein, the flat sheet PTFE membrane was modified into hydrophilicity via deposition of the fluorinated cationic surfactant, and the anti-fouling property of the as-prepared PTFE membrane with different wettability was investigated using lysozyme (LYS) and humic acid (HA) as typical foulants. The variation of permeation fluxes and fouling performance of the PTFE membranes with different wettability was researched. And the interaction forces and free energy between the membrane surfaces with different wettability and the two foulants were analyzed by the extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory, and the effect of the wettability of the membranes on the anti-fouling behavior was discussed.
Experimental section

Chemicals and materials
PTFE porous membrane with 0.2 μm pore size was supplied by Haining Jin Zhenglv Technology Co., Ltd (Jiaxing, China). The fluorinated cationic surfactants was provided by Shanghai Jianbang Industrial Co. Ltd. (Shanghai, China). Humic acid (HA) was obtained from Sigma-Aldrich Chem. Co. (USA). Lysozyme (LYS) was obtained from Nokasn Life Science and Technology Co., Ltd. (Beijing, China). Unless otherwise specified, all reagents and chemicals were of analytical grade.
Filtration and anti-fouling performance of the modified PTFE membranes
The porous PTFE membranes were modified using the similar method as our previous work [22] with concentration of the fluorinated surfactant varying within 0, 0.2 wt%, 0.4 wt%, 0.6 wt% and 0.8 wt%. The obtained membrane were labeled correspondingly as 1 # , 2 # , 3 # , 4 # , and 5 # respectively. Then, the filtration performance of the membranes was evaluated using a home-made cross-flow with system similar to our previous work [16, 22] . The effective area of the membrane was 22.9 cm 2 . Prior to measurement, the system was pressurized to 0.1 MPa with a diaphragm pump for about 20 min to reach a stable state. 50.0 mg/L of HA and LYS water aqueous solution was used as feed solution. The permeate flux, J, was calculated by
where V is the volume of the permeate liquid passed across the membrane of area A (m 2 ) in the time period T (h) at operative pressure P (MPa).
And the normalized flux (NF) was calculated by
where J is the instant flux and J 0 is initial flux. After the filtration was performed for 8 h, the PTFE membranes were rinsed by deionized water, and the pure water flux J w was measured again. Then, the flux recovery ratio (FRR) can be calculated by
And the cleaning efficiency (η), which was denoted as removal rate of foulants and flux recovery rate, was calculated by
XDLVO theory analysis
The XDLVO theory has widely been used to illustrate the interaction of aqueous foulants with surfaces of polymeric membranes [15, [23] [24] [25] . According to XDLVO theory, in an aquatic environmental system, the inter facial energy between a membrane and foulant is the sum of the Liftshiz-van der Waals, Lewis acid-base, and electrostatic double layer interactions, which was calculated according to reference [15] . The water contact angle (WCA) of the dried membrane surface was measured using DSA-100 static contact angle instrument of the German Cruise (Kruss) company to give the surface tension of the membrane and foulants, respectively, determined from the extended Young equation [26] . The instant WCA was obtained within 3 s, and the volume of the liquid drop was 3 μL. The WCA of each sample was measured at least ten times. To measure WCA of foulants surface, HA and LYS solution were deposited onto glass slides and dried for 24 h in an oven at 30° to form a flat solid surface. And the fouled membranes used for XDLVO theory evolution were obtained by filtering HA and LYS water solutions for 8 h to form a cake layer on the membrane surface. The free energy per unit area was calculated according to the value of the surface tension [27] .
Results and discussions
Wettability of the modified PTFE membranes
The wettability of the PTFE membranes before and after modification manifested by water contact angle (WCA) is shown in Fig. 1 . It was noted that the WCA of the modified membrane decreased with concentration of the fluorinated surfactant solution. The WCA of the PTFE pristine membrane in Fig. 1a was 144.1°, exhibiting a higher hydrophobic surface due to its internal chemical structure. After modified with 0.2 wt% of solution for 30 min, the WCA of the membrane decreased to 132.3°. Then, the WCA gradually reduced to 2.1° exhibiting a super hydrophilic surface when the concentration of fluorocarbon surfactant was increased to 0.8 wt%. This indicated that the wettability of the PTFE membrane can be well manipulated by the concentration of fluorocarbon surfactant solution. The reason was attributed to that the fluorocarbon chains of the surfactant have a good compatibility with that of PTFE, and such bridging effect would change surface chemistry and make the hydrophilic groups of the fluorocarbon surfactant expose outside and induce in a super hydrophilic surface [28] . The higher concentration of the surfactant solution would lead to more hydrophilic groups exposed on the membrane surface. Thus, the PTFE membrane was modified into super hydrophilicity with 0.8 wt% of solution. Furthermore, the wettability durability of such super hydrophilic membrane (5 # ) was investigated as shown in Fig. 1b . It can be seen that the WCA of the membrane surface displayed a little increase from 2.1° to 3.2° within 30 d in ambient environment. This indicated that the super hydrophilic wettability of the modified PTFE membrane showed higher stability.
Such wettability stability was further investigated by variation of pure water flux of the membranes with running time. As shown in Fig. 2 This really indicated that the modified super hydrophilic membrane showed a much stable wettability.
Filtration and anti-fouling performance of the modified PTFE membranes
The permeate flux of different membranes for filtration of 50.0 mg/L of HA and LYS water aqueous solution are shown in Fig. 3 , respectively. Noted that both fluxes for filtration of HA and LYS solution decreased with increasing the hydrophilicity of PTFE membrane surface. Also, it can be seen from Fig. 3 that two distinctive stages regard to the flux decline in filtration process during the whole filtration while fouling process. At the initial stage, both HA and LYS foulants were rapidly adsorbed or deposited onto membrane surface during filtration, so the membrane was promptly fouled and the flux declined drastically. During the second stage, flux decline gradually slowed down to reach a steady state. Comparing with Fig. 3a , the flux of the PTFE membrane fouled by LYS displayed a faster and more severe diminishing rate in Fig. 3b . Obviously, the super hydrophilic membrane surface displayed a lowest flux decline, indicating a good anti-fouling property. Noted from Fig. 3 , when the effluent volume was 5000.0 mL, the normalized flux of PTFE original membrane dropped to 0.072 and 0.096 for HA and LYS foulants, respectively, while that of the super hydrophilic PTFE membranes just dropped to 0.279 and 0.193, respectively. This indicated that the highly hydrophilic surface could really improve the membrane's anti-fouling performance. Such result was in consistence with our previous work [15, 16, 22] . This was due to that water molecule layers were preferentially formed on the membrane surface during the filtration, which hindered the contact of foulant with the membrane surface, and induced in an improved anti-fouling property [29] .
In order to investigate the anti-fouling performance of the membranes, the fouled PTFE membranes was rinsed by water and the corresponding cleaning efficiency is shown in Fig. 4 . It can be seen that after the fouled membranes were rinsed, the cleaning efficiency of the membranes obviously increased with enhancing membrane hydrophilicity. For the membrane fouled by HA which showed a higher cleaning efficiency than that fouled by LYS, it indicated that the membrane was easier to be fouled by LYS than HA. This was probably ascribed to that HA molecule showed higher polarity than LYS, and it was easily washed out from the hydrophilic surface during rinsing. It was interesting to observe that the super hydrophilic membrane (5 # ) displayed a highest cleaning efficiency, which were 73.1% and 62.5% for HA and LYS fouled membrane, respectively. This further demonstrated that the super hydrophilic surface displayed good anti-fouling property. Therefore, the cycle cleaning effect of the super hydrophilic membrane (5 # ) was further investigated in comparison with pristine PTFE membrane using 50.0 mg/L HA aqueous solution as feed solution. As shown in Fig. 5 , after the first cycle of fouling and cleaning, the flux recovery ratio (FRR) of the membrane 5 # was 69.6%, while that of the pristine membrane 1 # just was 49.4%. At the end of the tenth cycle, the FRR of the super hydrophilic membrane 5 # and the pristine membrane 1 # were 65.4% and 34.6%, respectively. The super hydrophilic PTFE membrane showed much higher FRR than the hydrodrophobic pristine PTFE membrane and displayed an effective fouling resistance to HA foulant.
XDLVO theory analysis on anti-fouling property of the membrane
The interfacial energy between the foulants and the membranes (including clean and fouled membrane) were assessed by XDLVO theory. The surface tension components, adhesion free energy, and cohesion free energy of the membranes and foulants were determined by WCA mea- surement as shown in Table S1 . The Lifshitzevander Waals (LW), Lewis acid-base (AB) and electrostatic double-layer (EL) components of the adhesion/cohesion free energy were calculated using Eqs. (2)- (7) of [15] . The total interaction energy (∆G TOT ) was determined by the sum of the LW, AB and EL free-energy components. According to previous analysis [15] , since the value of EL free energy was much smaller than the other two components, it was considered that EL free-energy has almost no effect on the total free energy, therefore, the effect of EL free-energy on the total free energy was ignored herein.
According to XDLVO theory, the ∆G TOT value provides a quantitative insight on fouling tendency between foulant and membrane surface. Positive value of ∆G TOT indicates repulsive interaction, whereas a negative one implies attractive [15] . The adhesion free energy between membranes and foulants is shown in Table 1 # showed a highest ∆G TOT value, indicating that the super hydrophilic membrane displayed better anti-fouling property in the early stage of filtration. This analysis result was in consistence with that of Fig. 4 . In addition, it can be noted form Table 1 that similar to variation of ∆G TOT , the ΔG AB value gradually increased with increasing hydrophilicity of the PTFE membrane, indicating the AB repulsion between the clean membrane and foulants increased. Therefore, the effect of the wettability of the PTFE membrane on the interaction between membrane and foulants was mainly attributed to AB force.
During the practical filtration process, the initial attachment of foulants onto clean membrane surface is mainly controlled by the adhesion energy. When the membrane surface was covered by foulants, the fouling tendency would be governed by the cohesion energy between the approaching foulants and the deposited foulants on the membrane surface [15, 30] . Table 2 presents the cohesion free energies between foulants and the membranes fouled by HA and LYS, respectively. Notably, the cohesion free energy value of the super hydrophilic membrane 5 # still was largest, which was 34.15 mJ•m -2 and 6.863 mJ•m -2 , respectively. Whereas for the hydrophobic PTFE original membrane 1# the value was decreased to 21.953 mJ•m -2 and -40.582 mJ•m -2 . This indicated that the super hydrophilic membrane 5# displayed a largest repulsive force against the approaching foulants in the late stage of filtration. Therefore, form the analysis by XDLVO theory, the super hydrophilic PTFE membrane 5 # really showed good anti-fouling property on HA and LYS no matter in the early or late stage of filtration. And the increased hydrophilicity of the membrane greatly facilitated to improve its anti-fouling property. This was much in accordance with the results of part of 3.2.
3..4 Fitting analysis on membrane fouling trends and free energy of interface
To evaluate the effectiveness of the XDLVO analysis on the effect of hydrophilicity of PTFE membrane on anti-fouling property, the result difference between membrane practical fouling process and XDLVO analysis was carried out by linearly fitting. The trend of membrane fouling (K) was calculated by: 
where C o is the concentration of foulants in aqueous solution.
The entire filtration stage was divided into initial and late stages according to the filter cake filtration model. The K value in the initial and later phases were fitted with the free energy of adhesion between membrane and foulants and the free energy of cohesion between HA or LYS foulant and the corresponding fouled membrane, respectively. As can be seen from Fig. 6 , at either initial or late stage, the linear correlation coefficient between K and the free energy of the interface was in the range of 0.905-0.935, indicating that K showed a good linear relationship for both adhesion and cohesion free energy in all stages. This good linear fitting results proved the consistency of the XDLVO theory with the practical anti-fouling performance. And it also showed good applicability to predict the anti-fouling performance of PTFE membrane with different wettability.
Conclusions
The polytetrafluoroethylene (PTFE) membrane with different hydrophilicity was obtained using different concentrations of the cationic fluorocarbon surfactant solution. The water contact angle of the modified PTFE membrane can reach 2.1° with 0.8 wt% of solution, achieving super hydrophilicity. The anti-fouling property and cleaning efficiency of the membrane increased with hydrophilicity of the membrane, and the super hydrophilic PTFE membrane showed highest cleaning efficiency of 62.5% and better anti-fouling property. XDLVO analysis further suggested that the super hydrophilic PTFE membrane had the strong repulsion force to HA and LYS and displayed better anti-fouling property due to the highest positive total interaction energy (ΔG TOT ) value. Linearly fitting on membrane practical fouling process and XDLVO results proved the consistency of the XDLVO theory with the practical anti-fouling performance. This work showed good applicability to predict the anti-fouling performance of PTFE membrane with different wettability. Supporting Information
